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(57) Two optical waveguides (11 , 12) comprising a 
light transmitting medium are disposed close to each 
other on a substrate (10), and electrodes (13, 14) are 
disposed parallel to each other so as to sandwich one 
optical waveguide (11 ). The light transmitting medium is 
formed by dispersing fine droplets of a liquid crystal in _ 
a light transmitting material, such as glass or polymer, 
the liquid crystal fine droplets having droplet diameters 
of about one digit smaller than the wavelength of light. 
Linearly polarized light having a plane of polarization in 
a direction parallel to the direction of application of volt- 
age to the optical waveguide (11), i.e., in the direction 
of the substrate surface, is fed as input lights (1,2) into 
the optical waveguides (11, 12). Upon application of 
voltage, the refractive index of the optical waveguide 
(11) changes, while the refractive index of the optical 
waveguide (12) remains unchanged. Hence, the cou- 
pling ratio changes, achieving an optical switch. Thus, 
the present invention can provide a practical optical 
processing method which utilizes large refractive index 
anisotropy and low-voltage response of a liquid crystal, 
and a waveguide type optical device which can be used 
preferably for this method. 
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Description.. . ; . 

The present invention relates to an optical process- 
ing method usable preferably in the fields of optical com- 
munication systems and optical information processing, 
and a waveguide type optical device for optical process- 
ing that can be used preferably in this method. i 

Main practical methods known for optical process- 
ing are mechanical methods, and methods which rely 
on the phenomenon that the refractive index of a light 
transmitting medium changes when non-mechanical 
energy such as voltage, .electric current or heat is ap- 
plied to the light transmitting medium. Currently, the 
former methods are:put to practical- use. Of the latter 
methods, the most feasible one uses the electro-optical 
effect of lithium niobate (Pockels effect, an effect in 
which the birefringence characteristics of the material 
change according to an electric field). Recently, devel- 
opment has been made of devices using the electro-op- 
tical effect of dye attached polymers which are-much 
more processable and much less expensive than lithium 
niobate ( A.J. Ticknor, G.F. Lipscomb, and R. Lytel, Proc. 
SPIE Vol 2285, 386 (1995). These devices have posed 
the problem of long-term stability. With such devices, the 
use of materials undergoing great changesJn the refrac- 
tive index at low voltage is advantageous for low voltage 
driving as -well as for the realization of miniaturized.high 
density devices. Thus, the magnitude of a change in the 
refractive index of lithium niobate per unit voltage is an 
index to evaluating the feasibility of the material 

A method using the refractive index anisotropy of a 
liquid crystal \s also known for optical processing which 
utilizes changes in the refractive index by application of 
voltage. The use of liquid crystal produces only a slow 
response (several tens of microseconds to several mil- 
liseconds) compared with a response obtained by use 
of the Pockels effect of lithium niobate or the like (nano- 
seconds). Liquid crystal, however, is advantageous in 
that it generally undergoes a large change in the refrac- 
tive index when voltage is applied. Optical devices tak- 
ing this advantage, such as optical switches, have also 
been developed. Most of them are vertical type devices, 
and waveguide type opticaLdevices have been minimal- 
ly studied. The reason why a practical waveguide type 
optical device using a liquid crystal, has not been. devel- 
oped is that a liquid crystal is subject to regular or irreg- 
ulardeformations or fluctuations in the orientation veptpr 
that occurs on the scale of about the wavelength of light. 
Thiscauses scattering of light, and a great optica I. trans- 
mission loss.\ Another reason is the fluidity and- poor 
p roc essabi I ity of liquid crystal.. • ■ 4 . y - 

This invention aims to solve the problem -of optical 
transmission rloss, - and provide a. practical optical 
processing method which utilizes high refractive index 
anisotropy and low-voltage response of a liquid crystal, 
and a waveguide type optical device for optical process- 
ing which can be used preferably in this optical process- 
ing method. 



. . -• To attain the foregoing goals,- tbje-optica! processing 
method of the present invention; comprises applying 
voltage to a light transmitting medium perpendicularly 
to a direction in which light is transmitted, the light trans- 
s mitting medium having dispersed therein fine droplets 
of a liquid crystal haying droplet diameters of about one 
, digit smaller than the wavelength of light to be proc- 
essed, thereby causing refractive index anisotropy in a 
plane parallel to an electric field generated in the medi- 
10 urn by the voltage, to process light which has been fed 
into the medium perpendicularly to the plane having the 
refractive index anisotropy. 

The diameters of the liquid crystal fine droplets may 
be 50 nm or less. As the input light, there may be used 
15 linearly polarized light having a plane of polarization 
making ; an angle of 45° with the direction of application 
of voltage so that the form of polarization of output light 
will be processed. Alternatively, the input light may be 
linearly polarized light having a plane of polarization 
20 making an angle of 0° or 90° with, the direction of appli- 
cation of voltage so that the phase of linear polarization 
of output light will be processed. Further alternatively, 
the input light may be linear polarization of light having 
a plurality of wavelengths and having a plane of polari- 
". 2S ,zation making an angle of 45°, with the direction of ap- 
plication of voltage .so that the form of polarization of 
output light will-be processed, to separate the light with 
a plurality of wavelengths. 

The waveguide type optical device for light process- 
. 30 \r\g in accordance with the present invention comprises 
a light transmitting medium formed by dispersing fine 
droplets of a liquid crystal in a medium, the fine droplets 
of the liquid crystal having droplet diameters of about 
one digit smaller than the wavelength of light for com- 
35 munication, and the medium being a material optically 
transparent in the infrared region used in optical com- 
munication. ; 

The diameters of the liquid crystal fine droplets may 
be 50 nm or less. The optically transparent material may 
* AO -be a photopolymerization polymer, and the liquid crystal 
i.may be a nematic liquid crystal. The liquid crystal optical 
device may further comprise . a voltage application 
. means for applying voltage to the light transmitting me- 
dium.perpendicularly to a direction in which light is trans- 
■-45 .mitted:^ .• ; \ : 

. , The-abqye and other-objects, effects, features and 
advantages of the present invention will become more 
apparent from the following description of embodiments 
r: thereof: taken , in. conjunction with the accompanying 
so - drawings; 

FIG. 1 is an explanatory view showing the optical 
processing method of one embodiment of the 
present invention in. which linear polarized light hav- 
55 j n g a plane of polarization inclined 45° from the x 

axis and the y axis is fed; 

FIG. 2 is an explanatory view showing the optical 
processing method of another embodiment of the 
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• present invention in which linear polarized light hav- 
ing a plane'df polarization in the direction of the y 
axis is fed; - . ■ . 

FIG. 3 is a schematic plan view showing ah example 
of the structure of the optical device according to 
one embodiment of the present invention; 
FIG. 4 is a schematic perspective view showing the 
state of feeding of light into the optical device ac- 
cording to the third embodiment of the present in- 
vention; 

FIG.- 5 is a graph of power changes plotted against 
the applied voltage (analyzer used: -45?) : as a view 

" - illustrating the third embodiment of the present in- 

* vention; ' r 

FIG. 6 is a graph ol power changes plotted against 

; ~ the applied voltage (analyzer used: +45° ), as a view 
illustrating the third embodiment of the present in- 
vention; and 

FIG. 7 is a schematic perspective view showing the 
state of feedtng'of light into the optical devfce ac- 
- - cording to the sixth embodiment of the present in- 
" vention. »" ' * Lc,\-o "*■ 

The gist of the present invention is to use a medium 
formed by making a fine'droplets of liquid crystal with-a 
very n small size, and dispersing them 1 in' si highly light 
transmitting polymer or glass'. By so doing, the problem 
of light transmitting properties" is solvedf and the refrac- 
tive index of the medium changes according to changes 
in the orientation vector of the liquid crystal by applica- 
tion of voltage. Thus, the present invention can provide 
an optical processing method using a'waveguide con- 
taining fine droplets of liquid crystal, and a waveguide 
type optical device preferred for this optical processing 
method. - «- ~' r 

An attempt to use a liquid crystal in the form of fine 
droplets has been energetically made on liquid crystal 
droplets having a size of the" order of microns which 
cause marked scattering ( D.Coates : Merck Liquid Crys- 
tals version 2, 5 (1994); J:LWest Mol. -Crystal. Liq. 
Cryst. Nonlin. Opt, 157, 427 (1988); and A.M. tackrier, 
J.D. Margerum, E. Ramos, and K.C. Uim/Proc^SPIE, 
V0MO8O, 53 (1989))? This is anapplication as a display 
device utilizing this scattering, and entifely differs from 
an application as a liquid crystal device for- optical '■ 
processing in optical comrtfunrcatibn'the present inven- 
tion is aimed at. The liquid crystal dispdrsed'optical de- 
vice the invention is directed at has a dispersion of fine 
droplets of a liquid crystal having droplets diameters of 
about one digit smaller than the wavelength of light for 
communication, and more particularly, a dispersion of 
fine droplets of the liquid crystal having droplet diame- 
ters of 1 50 nnh or less. A liquid crystal dispersion having 
such a structure has been unknown, and its applications 
have not been considered. 

The type of the liquid crystal used in the present in- 
vention may be any type, such as nematic, cholesteric 
or ferroelectric one, as long as its orientation changes 



upon application of voltage. A nematic liquid crystal 
showing high refractive index anisotropy when its orien- 
tation changes is particularly desirable. The diameters 
of the fine droplets are about one digit smaller than 1 

: 5 jam, the wavelength used in the fields of optical informa- 
tion processing and optical communication. Concretely, 
the diameters should be 150 nm or less, and preferably, 
50 nm ortess. If the diameters are larger than 150 nm, 
scattering clue to differences in refractive index between 

10 the liquid crystal droplets and the medium is marked, 
and optical transmittance is not sufficient. When the di- 
ameters are 50 nm or less, a^scattering loss is extremely 
small, even if the dropje^density is high. At a smaller 
liquid crystal size, higher voltage" tends to be required 

15 for driving the liquid crystal. Thus, 1 the size of the liquid 
"crystal droplets is preferably several nanometers or 
more. -'<' - ! 5 . 

The size of the liquid crystal fine droplets will be re- 
viewed here. As will be seen In Embodiments 2 to 4, 

so when' light of 800 nm is used, the droplet diameter of 
less than 100 nm always results in a curtailed decrease 
in transmittance due to scattering. 
.-"•* - &$ described in W. Heller, Light Scattering from Di- 
lute" Polymer Solutions, edited by D. Mcintyre and F. 

2S Gomick,- (Gordon and Breach Science Publishers, Inc., 
* 1964), p. 41 in the-Rayleigh scattering region where the 
sl24 of the source of scattering is smaller than a fraction 
of the wavelength of light, the transmittance of a medium 
with thickness L containing spherical scatterers of vol- 

30 ume V -(number density N) is expressed by the formula 
(1 ) to follow. Thus, "scattering loss is proportional to the 
second power of the volume (the sixth power of the drop- 
let diameter), and is inversely proportional to the fourth 
power of the wavelength of light. 

35 

T = l 0 exp(-NRL), R = 247i 3 ((m 2 -1)/(m 2 +2)) 2 V 2 />. 4 (1) 

3- where • ' 
40 > . , - ; I ". 

c : 3 v| 0 denotes the intensity of input light, and 
* *c m denotes the refractive index of the scatterer di- 
i vided by the refractive index of the medium. 

-45 -!e/30ThUs", in terms of the magnitude of scattering, , the 
droplet diameter of 100 nm or/less at a wavelength of 
800^ nm 1 corresponds to the droplet diameter 'of -1^38 nm 
or less ana wavelength of 1.3-u.m used inthecfields of 
-^optica information processing and optical communica- 
so :ttonpand 152 nm in the :T.5 nm zone: Accordingly, the 
droplet diameter should be about a tenth of the wave- 
1 -length- or less. ■ - • : 

;, 'The diameters of the "liquid crystal droplets are pref- 
erably 50 nm or less (for a wavelength of 1 ..3 u.m; 55 nm 
55 for. a wavelength of 1.5 um). As will be described, the 
' production of a practical optical device requires a great 
magnitude of change in the refractive index of the light 
transmitting medium. For this purpose, the numberden- 
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sity of the. liquid crystal fin© droplet should be high. If the 
number density of the liquid crystal fine droplet measur- 
ing 50 nm or more (for a wavelength .of 1 .3 u.m) is high, 
however, scattering loss will grow, and a practical device 
sometimes cannot be constructed. 

At a smaller liquid crystal size, higher voltage tends 
to be required for driving the liquid crystal. Thus, the size 
of the liquid crystal droplets is preferably several nanom- 
eters or more. 

The matrix medium where the fine droplets of the 
liquid crystalware dispersed may be, and not restricted 
to,- a light transmitting material. Examples are highly light 
transmitting, optically isotropic polymers, such as PM- 
MA's, polystyrenes, polycarbonates, thermopolymeri- 
zation or photopolymerization acrylic polymers, epoxy 
polymers, polyurethanes, polyisocyanates, and glass. 

A customary method for producing the liquid crystal 
dispersed polymer is by phase separation. For example, 
the matrix polymer and the liquid crystal are dissolved 
in an organic solvent, and the solvent is removed to sep- 
arate droplets of the liquid crystal from the matrix poly- 
mer: Alternatively the liquid crystal is dissolved in a ther- 
mopolymerization or photopolymerization prepolymer, 
and heat or light is applied to separate the liquid crystal 
droplets from the hardened matrix polymer With either 
method, phase separation should be performed rapidly 
by rapid; removal of the solvent 1 or rapid setting of the 
prepolymer in order to obtain the liquid crystal. fine, drop- 
lets having the size defined in the present invention. 

The liquid crystal dispersed medium in which the 
matrix is glass can be prepared by dipping porous glass 
in the liquid crystal, the porous glass having a pore di- 
ameter corresponding to the size of the liquid crystal fine 
droplets defined in the present invention. 

. The principle of the fine optical processing method 
using time liquid crystal droplets of the present inven- 
tion, and the principle of action of the waveguide type 
optical device for optical processing of the invention will 
be described by reference to FIG. 1 and FIG. 2. 

-In FIG. 1 and FIG. 2, a light transmitting medium 1 
contains liquid crystal fine droplets 2 dispersed in a light 
transmitting material 3. When no voltage is applied.-the 
directors of the dispersed liquid crystal fine droplets 2 
head in random directions. Thus, the light transmitting 
medium as a whole has no anisotropy in refractive ^n- 
dex. : Us refractive index is the same in eye redirection, 
and takes the average-(n 0 ) of' the refractive indices of 
thja light transmitting material, as the matrix and those of 
the liquid crystal. . ' . ; « t 

. When voltage is applied in the direction of the y axis 
in FIG. 1, the directors of the liquid crystal fine droplets 
2 are oriented in specific directions from random direc- 
tions, because of the anisotropy of- dielectric constant or 
f erroelectricity that the liquid crystal itself has. Owing to 
this orientation, the anisotropy of refractive index (re- 
fractive index in the x axis direction: n 2 , refractive index 
in the y axis direction: n n ) occurs in a plane parallel to 
the direction of voltage application (the xy plane). For 
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instance, the refractive index anisotropy of a nemattc liq- 
uid crystal, An, is about 0.25; however, when this liquid 
crystal is dispersed in the medium at a volume ratio of 
10%, the refractive index anisotropy caused by applica- 
5 tion of voltage, (An = n 2 - or An = n 1 - n 2 ), can be 
estimated at An = about 0.025. The change in refractive 
index in the y-axis direction (or the x-axis direction) due 
to application of voltage, (n-, - n 0 ), can be estimated at 
about a half of the above value. The same is true for the 
io change in refractive index in the x-axis direction, (n 2 - 
n 0 ). As noted from this, the magnitude of the refractive 
index anisotropy caused by application of voltage, and 
the magnitude of the changejn refractive index in the x- 
or y-axis direction by application of voltage are im- 
is mense.. 

The sizes of the liquid crystal fine droplets are suf- 
ficiently small compared with the wavelength, so that the 
optical transmittance is large and optical loss is small. 
Now, linear polarized light having a plane otpolari- 
20 zation inclined 45° from each of the x and y axes is fed 
in the z-axis direction, as shown in FIG. 1. In the ab- 
sence, of voltage applied, there is no refractive index an- 
isotropy in the xy plane, and thus the linear polarized 
light is kept as such. In the presence of voltage applied, 
25 refractive -index anisotropy occurs in the xy plane, so 
that the linear polarized light is not kept, but is issued 
as elliptically polarized light. Thus,, the application of 
voltage makes processing of light possible. Further- 
more, a polarizer (analyzer) which does not pass polar- 
30 ized light heading in the same direction as the input light 
is placed on the output light side, whereby an optical 
switch action becomes possible. That is, when no volt- 
age is applied, a state of small transmittance (OFF state) 
is achieved, whereas when voltage is applied, a state of 
35 large transmittance (ON state) is achieved. If a >V4 plate 
is placed ahead of the analyzer to convert elliptically po- 
larized light into linearly polarized light. a more efficient 
switch action can be performed. 

In FIG. 1, moreover, when light with a plurality of 
. 40 wavelengths is used as input light, and an analyzer is 
placed on the output light side, the angle of rotation of 
the analyzer when maximum transmitted light, is ob- 
tained differs according to wavelength. If the angle of 
rotation. of the analyzer is constant, the applied voltage 
45 when maximum transmitted light is obtained differs ac- 
. cording to wavelength. Thus, signals with a plurality of 
wavelengths can be separated. !n this case, too, effi- 
cient separation can be performed by. jointly using the 
-V4,plate. ■ . - • 

50 • Optical processing and optical switch action when 
voltage is not applied, and is applied in the y-axis direc- 
tion have been explained above. It goes without saying 
that when voltage is applied in the x-axis direction and 
in the y-axis direction, optical processing and optical 
. 55 switch action will be achieved likewise. 

As shown in FIG, 2, linear polarized light having a 
plane of polarization in the direction of the y axis parallel 
to the direction of voltage application- is fed in the z-axis 
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direction. In this.Gase^he linearly polarized' light is kept 
whether voltage is applied or not. However, therefrac- 
tive index in the y-axis direction is n 0 in the absence of 
voltage, and n, in the presence of voltage. Thus, it gen- 
erates a phase difference in output* light. 

FIG. 3 shows the optical device of the present in- 
vention constructed as an optical switch. In FIG. 3, the 
numeral 10 denotes a substrate, 11,-12 are optical 
waveguides, and 13, 14'are electrodes. The illustrated 
device has "a structure in which the two optical 
waveguides 11, 12 comprising the light transmitting me- 
dium having the liquid crystal fine droplets 2 dispersed 
therein are disposed close to each-other on the sub- 
strate 10; and the electrodes 13, 14 are disposed par- 
allel to each other with the one optical waveguide 11 
sandwiched therebetween so that voltage can be ap- 
plied to the optical waveguide 11. This device can be 
prepared by, say, spreading a mixture of the liquid crys- 
tal and the matrix'prepolymer onto the substrate accord- 
ing tothe pattern-of the optical waveguides, irradiating 
U V light to the mixture to separate the liquid crysfal fine 
droplets from the matrix polymer, thereby-forming the 
optical waveguides comprising the light transmitting me- 
dium having the liquid crystal fine droplets- dispersed 
therein; and forming the electrodes so as to sandwich 
one optical wave guide : by means, such as coating the 
electrode material. Linearly" polarized' 1 light' naving a 
plane of polarization 1 ^ the direction of the'substrate sur- 
face is~'entered as input lights 1,2 into the optical 
waveguides 11, 12. Upon application of voltage, the re- 
fractive index of the optical waveguide 11 changes from 
n 0 to rV,; while the refractive - index of - the optical 
waveguide 12 remains n 0 . Thus, the coupling ratio 
changes, achieving an optical switch. 

_The embodiments of the present invention will be 
described-belbw, which are provided for illustration only, 
and in no way limit the present invention. 

Embodiment 1 - - 

A^ liquid crystal dispersed" polymer -was ^prepared 
from a commercially available photopolymenzatioti f>©'l- 
ymer (NOA65, ; Norland Products lh<fip U.ff.WJCaffcPa 
commercially available nematic liquid crystal" (BL-24, 
Merck Industrial Chemicals). The procedure 4o? prepa- 
ration was- as follows: The-IFquld ! cfystalln §Jpretfetef- 
mined amount was dissolved complete Iy : in th§ph6t^p6- 
lymerization prepolymer, and casMnto 4 a film-shaped 
mold, followed by irradiation with a strong alkali 'haiide 
lamp for 5 minutes. The resulting films (0.5 mm -thick) 
were measured for optical transmittance at a. wave- 
length- of 1.3 urn At a liquid crystal concentration (the 
proportion of the liquid crystal to the polymer) of up to 
30%, there was no decrease in light trahsmittance. At a 
liquid crystal concentration of 40% or more, the 1 light 
transmittance declined to about 30%. Sectional SEM 
images of- the produced films showed no liquid crystal 
fine droplets at a liquid crystal concentration of up to 



'30%. At a liquid crystal concentration of 40% or'more, 
the size of the liquid crystal fine droplets was about 0.4 
pm. In the range of 32% to 36%, liquid crystal fine drop- 
lets measuring 150 nm or less were observed. Linearly 
$ polarized light was fed to the films with a liquid crystal 
concentration of 32% to 36%, and the state of polariza- 
tion of light transmitted through the films was examined, 
the linearly polarized light was found to be maintained. 
Then, the polymer contain ing a dispersion of the liq- 

io uid crystal fine droplets measuring 150 nm or less was 
disposed as shown in FIG. 1 (the size of the polymer: 1 
mm along the x axis x 1 mm along the y axis X 2 mm 
along the z axis). From the direction of the z axis,* linear 
polarized light having a plane of polarization inclined 45° 

is from each of the x and y axes was fed; When no voltage 
was applied, linearly polarized light was maintained. 
When voltage was- applied, on the other hand, output 
light was obtained with the linearly polarized light being 
maintained, because of refractive index an isot ropy gen- 

'20 erated in the xy plane. When voltage, say, several hun- 
dred V, was applied in the direction of the y axis, the 
state of polarization of output light changed.. A polarizer 
(analyzer) allowing nopassage of polarized light head- 
ing in the same direction as input light was further placed 

25 >on the output light side, whereby an optical switch action 
>became possible upon application of- voltage (several 
^hundred V to T -KV). -That is, when no voyage was ap- 
plied, a state of small transmittance (OFF state) was 
achieved, whereas when voltage was applied, a state 

30 of large transmittance (ON state) was achieved." 

Embodiment 2 

Then, commercially available porous glass (aver- 
ts age pore diameter: 10 nm) was cut to a size of 10 mm 
X 1 mm x 1 mm, and dipped in a nematic liquid crystal 
(BL24, Merck) for several hours at room temperature. 
Because of penetration of the liquid crystal into the 
pores, the total volume increased by about 3%. A de- 
40 crease in transmittance attributable to this increase was 
1do 2%: The glass impregnated with the liquid crystal 
: was>disposed as shown in FIG. 1 (10 mm along the x 
"axis x 1-rnm along the y axis X 1 mm along the z axis). 
'From the direction of the z axis, linear polarized light 
-45 having a plane of polarization inclined 45° from each of 
'the x-and y axes was fed. When no voltage was'applied, 
: linearly polarized light was maintained. When voltage 
■ was-applied in the direction of the y axis; it 1 was 1 con- 
firmed that the state of polarization of output light 
so t C ha n ged upon application of voltage of 100 V. A polar- 
-izer : (analyzer) allowing no passage of polarized light 
heading in the same direction as input light was further 
placed on the output light side, whereby an optical 
switch action became possible upon application of volt- 
55 age (1 00 V to 500 V). That is, when no voltage was ap- 
plied, a state of small transmittance (OFF state) was 
achieved, whereas when voltage was applied, a state 
of large transmittance (ON state) was achieved. The 
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larger the voltage, the higher the extinction .ratio. v 
Embodiment 3 

Merck's BL24 as in Embodiment 1 was used as a 
nematic liquid crystal, and a photopolymerization poly- 
mer (NOA81, Norland) having a higher polymerization 
rate than in Embodiment 1 was used as a liquid crystal 
dispersed polymer. Films 0.5 mm thick were prepared 
by the same procedure as in Embodiment 1 , and meas- 
ured for transmittance. Using their SEM images, the 
films were also evaluated for the size and density of the 
liquid crystal fine droplets. At a liquid crystal concentra- 
tion of up to 26%, there was a little decrease in trans- 
mittance at 800 nm. -At a liquid crystal concentration of 
28% or more, the transmittance declined greatly. At a 
liquid crystal concentration of 16% or more, liquid crystal 
fine droplets were observed, and their sizes were 35 to 
70 nm at the concentration of 16%. Their sizes did not 
depend on the concentration, and were 100 nm or less 
even at 30%. 

Then, the above prepolymer and the nematic liquid 
crystal were mixed and dissolved (mixing ratio: 100/20). 
:The solution was spin coated on a 540 um silicon sub- 
strate to a thickness of about 20 um At this stage, the 
coating^ was irradiated with a strong metal halide lamp 
for 5 minutes to form the liquid crystal fine droplets,in 
the polymer. A gold film 0.1 u.m thick was deposited on 
the diquid crystal fine droplets dispersed polymer, and 
finally cut to a size of 1 mm X 10 mm for use as a sample 
for optical experiments. The resulting liquid crystal fine 
droplets had an average diameter of about 50 nm, and 
a total volume fraction of 1%. ■ : * 

Perpendicularly to a section of the liquid crystal fine 
droplets dispersed polymer film sample, linearly polar- 
ized light with a narrowed beam radius was fed at 45° 
of polarized plane to the direction of the film surface. 
This is illustrated in FIG. 4. Output lighX-from the other 
end face was guided to a power meter through an ana- 
lyzer pointing in the direction of -45°.. Pulse voltage of a 
predetermined square waveform (100 msec) was ap- 
plied between the silicon substrate and the deposited 
gold film to. observe changes in the power. The results 
of observation are shown in FIG. 5. When no ^voltage 
was applied, output light already showed elliptically po- 
larized light. with, retardation of. about 120 degrees. This 
is because the polymer film shows birefringence with a 
large refractive index in the direction o£ the film surface 
andi a small refractive index in t redirection, of the film 
thickness. With the application of voltage, the liquid 
crystal responds, causing changes such that the refrac- 
tive index in the direction of film -thickness gradually in- 
creases, and the retardation decreases. These changes 
are observed as the changes in power. After application 
of about 5 V/jam, the power increases or decreases were 
reversed. At the time of this reversal, the retardation was 
0, representing the state of practically linearly polarized 
light. 
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Conversely, power changes were observed through 
-a 4-45? analyzer, as shown in FIG. -6. This drawing indi- 
cates nearly symmetrical changes compared with FIG. 
5. This fact demonstrates that these power changes 

s were attributed to changes in polarization owing to in- 
creases or decreases in birefringence induced by the 
liquid crystal fine droplets, and not that they reflect 
changes in the state of transmission and the state of 
scattering due to the response of liquid, crystal, as ob- 

10 served with a conventional liquid crystal dispersed pol- 
ymer. Such changes in polarization were achieved for 
the first time with the liquid crystal fine droplets almost 
free from scattering. 

The change" in the refractive index (change in bire- 

is fringence, to be more exact) when about>5 V/|im was 
applied was about 0.0004. This magnitude is nearly 
equal to the magnitude of change in refractive index cal- 
culated from the nonlinear optical coefficient of lithium 
niobate. This means that, the material and optical 

20 processing method of the present invention are suffi- 
ciently, practical. 

To increase the change in refractive index and en- 
. nance the practicability further, it is; recommendable to 
make the volume ratio of the liquid crystal fine droplets 

25 high. The volume ratio of the liquid crystal fine droplets 
of the sample used here is still 1%. To make the volume 
ratio higher is not difficult in terms of the method for pro- 
duction. A higher volume ratio would enable the material 
of the present invention to surpass even lithium niobate. 

30 Increased volume ratio, however would lead, to in- 
, creased scattering. As shown previously in the formula 
(1 ), scattering is proportional to the number of the scat- 
tering media, and is proportional to the second power of 
the volume of one of the scatterers. Thus, the entire vol- 

35 ume fraction can be increased without increasing scat- 
tering, by making the number of the scatterers larger 
while making the diameters of the scattering media 
smaller As explained above, the diameters of the liquid 
crystal fine, droplets are desirably 50 nm or less (for a 

40 ; wavelength of 1 .3 u.m) in order to enhance practicability. 

r Embodiment 4: 

Merck's BL4 having lower solubility than in Embod- 
: 45 . jment "i was used as a nematic liquid crystal, and a pho- 
topolymerization polymer (NOA81, Norland, U.S.A.) 
having a higher polymerization rate than in Embodiment 
3 was. used as a liquid crystal dispersed polymer. Films 
- 0.5 mm thick were prepared by the same procedure as 
. so : in Embodiment 1 , and measured for transmittance. Us- 
. ing their SEM images, the films were evaluated for the 
^ size and density, of the liquid crystal fine droplets. At a 
liquid crystal concentration of up to 13%, there was a 
little decrease in transmittance at 800 nm. At a liquid 
.55 crystal concentration of-1 5% or more, the transmittance 
declined greatly. At a liquid crystal concentration of 11% 
or more, the liquid crystal fine droplets were observed, 
and their sizes were 40 to 70 nm at the concentration of 
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13%. ■ • *; * •' ■• , "' r - 

Then, the above prepolymer and the hematic liquid 
crystal were mixed and dissolved (mixing ratio: 100/16). 
The resulting sample of the same shape as in Embodi- 
ment 3 was measured for power changes associated 5 
with applied voltage. As in Embodiments, polarized light 
was confirmed to change according to increases or de- 
creases in birefringence due to the response of the liquid 
crystal fine droplets. • : 

Embodiments 

Merck's BL24 as in Embodiment 1 was used as a 
nematic liquid crystal, and a photopolymerization poly- 
mer (NOA6r, Norland, U.S.A.) having greater mechan- *is 
ical strength than ih'Embodiment 1 was used as a liquid 
crystal dispersing polymer; Films 0.5 mm thick were pre- 
pared by the same procedure as in Embodiment 1 , and 
measured for transmittance at 800 mm. Using their SEM 
images, these films were evaluated for the size and'den- or> 
sity of the liquid crystal fine droplets. At a liquid crystal 
concentration of up to 17%; there was'a little 'decrease 
in transmittance. At a liquid crystal coricentfati6n 6f ; 1 8% 
or more, the transmittance declined greatly:' At -a liquid 
crystal concentration of 12% or more, the liquid* crystal 
fine droplets were observed,* and their sizes' were 40 1 fo 
80 nm at the concentration of ; 1-3%> ^ c : ^ r J; 

Then, the above prepolyme? and the hematic liquid 
crystal were mixed and dissolved" (mixing ratio: 100^1 3). 
The resulting sample of the same shape as in Embodi- 
ment 3 was measured for power changes associated 
with appliedvoltage: As in Embodiment 3, polarized light 
was confirmed to change according to increases or de- 
creases in birefringence due to the response of the liquid 
crystal fine droplets. ■ ' - • - 

■ , . . ■ i ;. is' 

Embodiment 6 ; * * :: " 1j :i 

Two samples, each being the same as shown in 
Embodiment 3 and FIG. 4! and havirVg a 1 5 mm optical 
path, were disposed at an angle of 90° with respect to 
each other as shown in FIG. 7. One of the samples^was 
the sample for application of voltage, and the other sam- 
ple was one for making up for birefrihgence^'that the 
sample had in itself. Thus, when no voltage'was applied, — 
output light in the same state of polarizatioh-as^Rat-of 
input light was obtained. To this samplersdrnlcohductor 
laser light with a wavelength of 1-3 u,m and'hettum neon 
laser light with a wavelength of-633 nm were simultane- 
ously fed, each as linearly polarized hght^wndse^ plane ; so 
of polarization made'an angle ol 45° with" the direction 
of the film surface. Voltage of 5 V/u.m was appliedf and 
output light obtained when the analyzer was placed par- 
allel to the plane of polarization of input light was passed 
through a monochromator. Only light of nearly 633 nm " ss 
was found to be transmitted. Output light when the an- 
alyzer was placed perpendicularly to the plane of polar- 
ization of input light, with voltage being unchanged, was 



found to be only light of 'nearly 1 .3 jim. This means that 
light of two wavelengths was separated by suitably se- 
lecting the optical path, the applied voltage and the an- 
gle of the analyzer. 

• As described above, practical waveguide type opti- 
cal -devices' using liquid crystals have not been devel- 
oped, because of light scattering due to the inherent na- 
ture of liquid crystals. The present invention, by contrast, 
was able to reduce opt ical'scatte ring by converting a liq- 
uid crystal into fine droplets with very small diameters 
of one digit smaller than the wavelength of light for com- 
munication, and more particularly, diameters of 150 nm 
or less, and dispersing these droplets in a highly light 
transmitting polymer or glass. By applying voltage to this 
medium; and utilizing the resulting refractive index ani- 
; sotropy, a practicable optical processing method and an 
optical device relying on this method were realized.* The 
optical processing method and the Waveguide type op- 
tical device effectively use the magnitudes! change in 
refractive index of liquid crystal, and "the advantage of 
low voltage driving. They are highly practical compared 
with' conventional optical processing methods and liquid 
crystal optical devices. 5 

The present invention has been described in detail 
r 2S 'witrv respect to preferred 1 embodiments, and it wiH now 
•15© clear -that changes and modiffcatibnsmay'be made 
Without departinQ : from the invention in - its' broader as- 
pects, and it isdur intention, theTefore r -iri v theappended 
claims to eover all such changes and modifications as 
30 fall within the true spirit of the invention. \ * 

Claims 

'35 1. An optical processing method Which comprises: 

applying voltage to a light transmitting medi- 
y = > ] urn perpendicularly to a direction where light is 
^transmitted, the light transmitting medium having 
dispersed therein fine droplets of a liquid crystal 
'40 v I. having droplet diameters of about one digit smaller 
m . than the wavelength of light to be processed, there- 
' - by causing refractive index anisotropy in a plane 
t'-'jz parallel to an electric field generated in said medium 
•' ~ > '< by said vortage, to processiight which has been en- 
oo ^tered' 1 into -said medium- perpendicularly to said 
? : J plane 'having said refractive index anisOtropy 1 ! 

- 2.^ The optical processing" method as claimed >iriB$aim 
1; characterized in that the diameters' of the liquid 
^cp/stal^finedrqpletS'are SOrimor less. *»•-■ 
..>v.r- k ' r ■: - . . : -' r ; . " "'r.i .a 
"3. The optical processing method as claimed in claim 
1 ^characterized in that linearly polarized light hav- 
ing a plane of polarization making an angle of"45° 
with thedirection of application of voltage is used 
'as input light- so that the form of polarization of out- 
put light will be processed. 
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The optical processing method as claimed in claim 
1, characterized in that linearly polarized light hav- 
ing a plane of polarization making an angle of 0° or 
90° with the direction of application of voltage is 
used as input light so that the phase of linear polar- 
ization of output light will be processed. 

The optical processing method as claimed in claim 
1, characterized in that a linear polarization of light 
having a plurality of wavelengths and having a 
plane of polarization making an angle of 45° with 
the direction of application of voltage is used as in- 
put light so that the form of polarization of output 
light will be processed to separate light with a plu- 
rality^ wavelengths. 
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11. Ar >tical device for processing light comprising 

a light transmitting medium having fine droplets 
of a liquid crystal material dispersed in a medi- 
um, the droplets having droplet diameters of at 
least an order of magnitude less than the wave- 
length of light to be processed, the medium be- 
ing transparent to the light to be processed; and 
electric field generating means for selectively 
applying a voltage across the light transmitting 
medium perpendicularly to a direction of trans- 
mission of the light to be processed to cause 
refractive index anisotropy in a plane parallel to 
an electric field generated in the light transmit- 
ting medium by the voltage. 



6. A waveguide type optical device for light process- 
ing, characterized by comprising a light transmitting 
medium formed by dispersing fine droplets of a liq- 
uid crystal in a medium, said liquid crystal fine drop- 
lets having droplet diameters of about one, digit 
smaller than the wavelength of light for communi- 
cation, and said medium being a material optically- 
transparent in the infrared region used in optical ; 
communication. t • 
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7. The waveguide type optical device for light process- ] 
ing as claimed in claim 6 ; characterized in that the] 
diameters of said liquid crystal fine droplets are 50 * 
nm or less. 30 



8. The waveguide type optical device for Jight process- 
ing as claimed in claim 6, characterized in that said 
optically transparent material is a photopolymeriza- 
_tion polymer, and said liquid crystal is a hematic liq- 
uid crystal. 



35 



The waveguide type optica! device for light process- 
ing as claimed in claim 6, characterized by further 
including voltage application means for applying 
voltage tosaid light transmitting medium perpendic- 
ularly to a direction in which light is transmitted. 
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1 0. An optical processing method comprising the steps 
of 



transmitting light through a light transmitting 
medium having dispersed therein fine droplets 
of a liquid crystal material having droplet diam-\. 
eters of at least an order of magnitude less than 
the wavelength of the transmitted light; and 
selectively applying a voltage across the light 
transmitting medium perpendicularly to a direc- 
tion of transmission of the transmitted light 
thereby causing refractive index anisotropy in 
a plane parallel to an electric field generated in 
the light transmitting medium by the voltage to 
process the transmitted light. 
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(54) Method and device for optical processing using fine liquid crystal droplets and optical 
waveguide device 



(57) Two optical waveguides (11 , 12) comprising a 
light transmitting medium are disposed close to each 
other on a substrate (10), and electrodes (13, 14) are 
disposed parallel to each other so as to sandwich one 
optical waveguide (11 ). The light transmitting medium is 
formed by dispersing fine droplets of a liquid crystal in 
a light transmitting material, such as glass or polymer, 
the liquid crystal fine droplets having droplet diameters 
of about one digit smaller than the wavelength of light. 
Linearly polarized light having a plane of polarization in 
a direction parallel to the direction of application of volt- 



age to the optical waveguide (11), i.e., in the direction 
of the substrate surface, is fed as input lights (1, 2) into 
the optical waveguides (11, 12). Upon application of 
voltage, the refractive index of the optical waveguide 
(11) changes, while the refractive index of the optical 
waveguide (12) remains unchanged. Hence, the cou- 
pling ratio changes, achieving an optical switch. Thus, 
-the present invention can provide a practical optical 
processing method which utilizes large refractive index 
anisotropy and low-voltage response of a liquid crystal, 
and a waveguide type optical device which can be used 
preferably for this method. 
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